The kinematic viscosity of molten CeCl 3 , NdCl 3 , SmCl 3 , DyCl 3 and ErCl 3 has been measured by using a capillary viscometer. The dynamic viscosity was computed by using density data taken from the literature. The viscosity increases with going from CeCl 3 to ErCl 3 . The activation energy of the viscous flow, calculated by the Arrhenius equation, rises in the same order.
Introduction
Knowledge of the viscosity of rare earth halides is important for the electrolytic production and separation of the rare earth elements [1 -3] . However, essential difference is observed between the viscosity values of the same molten rare earth salts obtained experimentally by various researchers. As a rule, the viscosity of their halides was measured with reliable experimental methods checked repeatedly on studying other molten salts. In our opinion, there are two main reasons for the discrepancies in the results of the viscosity measurements. The first is inadequate dehydration of the salts, resulting in the formation of oxyhalide impurities. The second is a not sufficiently inert gas atmosphere over the salts during handling or measurements, leading to the same effects, especially at higher temperatures.
In this study, the kinematic viscosity of molten CeCl 3 , NdCl 3 , SmCl 3 , DyCl 3 and ErCl 3 was measured, using a capillary viscometer made of quartz and a transparent electric furnace. The dynamic viscosity (η) has been calculated from the measured kinematic viscosity (ν) and density data taken from the literature.
Experimental

Apparatus
The used capillary viscometer, entirely made of quartz, is shown in Figure 1 the timing bulb was about 3 to 4 ml. The efflux time ranged from 100 to 600 s. The temperature was uniform within 0.5 K around the viscometer, sitting in a transparent Gold Furnace. The steel frame with the furnace could be rotated by 180 • in order to enable for repeated measurements with the same melt. For more details see [4] .
Chemicals
Anhydrous lanthanide chlorides were synthesized from corresponding oxides (99.9%) supplied by Soekawa Chemicals (Japan). The oxides were dissolved in concentrated HCl with subsequent crystallization of the hydrates LnCl 3 ·6H 2 O (Ln = Ce, Nd, Sm, Dy, Er). Subsequent dehydration was carried out in an apparatus depicted in Figure 2 . Most of the water was removed by heating for 40 hrs in a flow of dry N 2 up to 450 K. The resulting product is LnCl 3 ·(1-2)H 2 O. Then the N 2 flow was replaced by a flow of dry HCl, and the salt was further heated up to melting. It is very important to perform the dehydration slowly to prevent the formation of oxichlorides. Gaseous HCl has low chlorinating activity and do not convert oxichlorides to pure chloride. So it is necessary to avoid oxichlorides formation from the outset. Typically the salt was melted after 3 -10 days. After melting, HCl was further passed through the melt for ∼ 1 hr, and then it was replaced by argon for another hr. Then the melt was filtrated through the quartz filter shown in Figure 2 and the ampoule containing the salt was sealed off under vacuum. Finally, the anhydrous salt was distilled under vacuum to separate it from possible oxichlorides.
Solubility tests [5] were made in every stage. About 0.5 g of the salt were dissolved in 3 -4 cm 3 distilled water. The solution is absolutely transparent or has a weak opalescence when oxichlorides are absent. In several cases, especially for the heavy lanthanides, hydrolysis occurs during the dissolution with hydroxide formation. In this case, 1 -2 drops of concentrated HNO 3 were enough to suppress hydrolysis. If the solution still remained opaque after 2 drops of HNO 3 , the content of oxichlorides was considered to be too high.
Procedure
In the vertical type of capillary viscometer the viscosity, η, is expressed by the well-known HagenPoiseuille's equation
where ρ is the density of the liquid, r and L are the radius and length of the capillary, h is the effective height of the liquid column, V the volume of the timing bulb, g the gravitational acceleration, t the time interval of the flow of liquid, and m and n are constants. For a given viscometer, the quantities in the right-hand term of (1), except t and ρ, are constant. Therefore, by introducing the kinematic viscosity ν, one can write
The constants C 1 and C 2 may be determined by calibration with standard liquids. We used distillated water as a liquid of well-known viscosity. The efflux time was measured by visual observation with a digital stopwatch having 0.01 s accuracy. Temperature ranged between 2 and 65 • C. Prior to the measurement, the sample salt was fed into a filtration chamber under vacuum. Then it was heated and filtrated. The filtration chamber was sealed off from the viscometer. Thus any contact of the sample with the atmosphere was excluded during all handling and the measurements. For more details see [4] .
Results and Discussion
The experimental kinematic viscosity values are listed in the Supplementary Table. They are well approximated by the Arrhenius equation, the coefficients of which are shown in Table 1 .
The kinematic viscosities, ν, of CeCl 3 , NdCl 3 and SmCl 3 differ little, while for DyCl 3 and ErCl 3 ν is higher, see Figure 3 .
The dynamic viscosity, η is
were ρ is the density. The densities used are shown in Hayashi (see Fig. 5 ) used almost the same method as we did. However, if oxichlorides remained in the melt, they could be passed through the quartz filter and increased the apparent viscosity. The difference between viscosities of SmCl 3 measured now and earlier [14, 15] amounts to about 3.5%, that is close to the experimental error. It is difficult comment on the too low viscosities of NdCl 3 and DyCl 3 published in [16] because of the poor description of the sample preparation. Plots ln |η| vs. 1/T are shown in Figure 8 . Straight lines are obtained for all melts in spite of the wide temperature range (226 K for DyCl 3 ).
As was shown by Batschinsky [17] , the dynamic viscosity η of molten salts is connected with their specific volume v s by the equation
where C and w are constants. The relation between the fluidity 1/η and v s of our melts is shown in Figure 9 . The difference (v s − ω) is kind of a "free" volume. The parameters of Batschinsky's equation are given in Table 4 .
It is a well-known opinion that the fluidity is proportional to the "free" volume of the liquid. Higher "free" volume indicates looser structure of liquid. The hard sphere volume V 0 is independent of the temperature, whereas the specific (v s ) or molar (V m ) volume depends on temperature. Thus the difference (v s − V 0 ) or (V m −V 0 ) directly characterizes fluidity. Based on such ideas, it can be expected that the viscosity of molten A further essential step forward could be made to the understanding of the results obtained. It is associated with going from the dynamic viscosity to the molar one which refers to a mole of matter. The molar viscosity allows to compare different salts by the energy of interaction between particles involving complex ions. This parameter (η M is the product of the dynamic viscosity and the molar volume V m or, what is the same, the product of the kinematic viscosity and the molar mass M: η M = η ·V m = ν · M. As illustrated in Fig. 12 , there is a correlation between the molar viscosity and the reverse radius of rare earth cation that may be used for estimating the viscosity of unstudied rare earth chlorides lying between cerium trichloride and erbium trichloride.
Conclusion
Viscosity of five molten rare earth chlorides has been measured. In all cases, the viscosity decreases with increasing temperature in the manner of the Arrhenius relationship. A straight correlation between the fluidity and the "free" volume was observed. This means validity of Batschinsky equation. Viscosity gradually increases in a row of lanthanides from CeCl 3 to ErCl 3 due to the decreasing cation size and increasing Coulomb interaction between the rare earth cation and the chloride anion. 
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